Diet composition, predator-prey relationships and consumption rates of yellowfin tuna Thunnus albacares in the western Indian Exclusive Economic Zone (eastern Arabian Sea) were studied by stomach content analysis. Stomachs of 406 specimens in the fork length range of 48 to 165.5 cm caught during exploratory longlining conducted in the eastern Arabian Sea during 2006 to 2009 were examined, of which, 15.52% were empty. Purple back flying squid (Sthenoteuthis oualaniensis) was the dominant prey species, followed by the swimming crab (Charybdis smithii), bigeye cigarfish (Cubiceps pauciradiatus) and flyingfishes (family Exocoetidae). Diet breadth index and the modified Costello diagram showed dominance of few prey species which are available in high densities in the Arabian Sea, indicating opportunistic feeding nature of this apex predator. Diet did not significantly differ between sexes and size groups. Higher food intake during premonsoon and winter monsoon indicated a seasonal variation in diet. A steady increase in the abundance of C. smithii and a decrease in the proportion of S. oualaniensis in the diet were observed from premonsoon to winter monsoon seasons. Yellowfin tuna in the Arabian Sea consume an average of 545.65 g of food in a day and require daily ration of 1.95% body weight per day.
Introduction
Changes in the structure and function of marine ecosystems due to industrial fishing (Pauly et al., 1998) have prompted policy makers to adopt ecosystem approach to fisheries management (EAF) (Botsford et al., 1997) . The EAF models incorporate ecological interactions to evaluate the potential flows of biomass among interacting populations within exploited ecosystem (Pauly et al., 2002) . Food and feeding data are integrated into conceptual models in the EAF, allowing a better understanding of the structure and function of diverse aquatic ecosystems. In addition to the importance in developing an EAF, diet studies of fishes are also essential to understand the temporal, spatial and ontogenetical nature of trophic interactions (Walters et al.,1999; Hollowed et al., 2000) , as well as the feeding regimes, food preference, migrations, growth and breeding patterns (Rao, 1974) .
The yellowfin tuna Thunnus albacares (Bonnaterre, 1788) is an economically important apex predator distributed in the tropical and subtropical waters of the world oceans. Several studies on the food and feeding habits of yellowfin tuna in different oceans (Reintjesand King, 1953; King and Ikehara, 1956; Watanabe, 1960; Alverson, 1963; Dragovichand Potthoff, 1972; Kornilova, 1980; Bashmakov et al.,1991; Zamorov et al.,1992; Roger, 1994; Maldeniya, 1996; Bard et al., 2002; M´enard and Marchal, 2003; Potier et al., 2004 Potier et al., , 2007 Menard et al., 2006; Young et al., 2010) as well as in the Indian seas (Silas et al.,1985; Sudarsan et al., 1991; Vijayakumaran et al.,1992; John and Sudarsan, 1993; John, 1993, 1994; John, 1995; Govindaraj et al., 2000; Rohit et al., 2010) have been reported. However, none of the studies from the Indian Exclusive Economic Zone (EEZ) of the Arabian Sea, comprehensively described the species-wise number, weight and frequency of occurrence of different prey items. Further, there is a dearth of information on the daily ration and food consumption rates of yellowfin tuna from Arabian Sea. Our study was aimed to thoroughly understand the trophic ecology of yellowfin tuna and to calculate its consumption rate in the oceanic waters of the western Indian EEZ (eastern Arabian Sea).
Materials and methods
This study was carried out in the area beyond the 500 m depth contour of the Indian EEZ part of the eastern Arabian Sea (Fig. 1 ) during 2006 to 2009. Yellowfin tuna samples for the study were collected during the survey voyages of two tuna longliners of the Fishery Survey of India (FSI) viz., Matsya Vrushti and Yellow Fin. Regular surveys were conducted in the Indian EEZ along the west coast (lat. 5°-23°N; long. 66-76°E) for oceanic tunas and allied resources employing pelagic longline gear. The fishing gear used and survey strategies adopted for collection, storage and analysis of stomach contents were as described previously (Somvanshi et al., 2008; Varghese et al., 2013) .
To determine whether the sample size of stomachs analysed was sufficient to describe their diet diversity and breadth, cumulative prey curve was constructed byplotting the cumulative number of unique prey species (y axis) against the number of non-empty stomachs (x axis). Stomach content data, collected during the study period were pooled and analysed. Further, the data were analysed separately by sex, size and season. Intensity of feeding was expressed by repletion index (RI), expressed as gram of stomach content per kilogram body weight of yellowfin tuna (Potier et al., 2004) . The diet was assessed using percent occurrence by number (%N), percent frequency of occurrence (%F), and percent occurrence by weight (%W) of prey items (Hyslop, 1980) . Actual weight of the prey remains was considered and not the reconstituted weight of prey at ingestion. Quantitative importance of each prey was determined by the index of relative importance (IRI) (Pinkas et al.,1971) and to facilitate diet comparison, IRI was standardised to %IRI. Trophic diversity and relative level of dietary specialisation of yellowfin tuna was assessed by calculating the Levin's standardised index (Krebs, 1989) . Feeding strategy of yellowfin tuna and prey importance were visually explored by applying the modified Costello graphical method (Costello, 1990; Amundsen et al.,1996) to the dataset of the major prey taxa. To test ontogenetic shifts in the diet, yellowfin tuna samples were categorised into five groups, (<80, 80-100, 100-120, 120-140, and >140 cm) according to their fork lengths (L F ) and the stomach contents were analysed for each size group. For testing seasonal diet differences, the year was divided in to four seasons namely, premonsoon (March-May), summer monsoon (June-September), intermonsoon (October-November) and winter monsoon (December-February) and the stomach samples collected during these seasons were pooled and analysed separately. Feeding similarities between sexes, length groups and seasons were measured using the Bray-Curtis similarity index (Bray and Curtis, 1957) based on %IRI of different food items. Similarity values among clusters that were >0.6 were considered to indicate major divisions. Kruskal-Wallis tests were performed to test the effect of sex, ontogenetic stage and seasons on the %IRI of prey. The software package PAST v. 2.00 (Hammer et al., 2001 ) was used for these statistical analyses. Morisita-Horn index (C mh ) of overlap (Krebs, 1998) calculated using the percentage wet weight of prey items were used for examining the diet overlap among sexes, size groups and seasons. Values greater than 0.6 were considered as significant overlap (Hyndes et al., 1997) , thereby indicating significant similarity of diets.
Data on the average wetweight of prey items were used for estimating the preliminary consumption rates and daily ration of yellowfin tuna of the Arabian Sea. Stomach evacuation model of Olson and Mullen (1986) was used to predict feeding rate of a predator by dividing the mean actual weight of stomach contents by the average time required to evacuate the average proportion of all meals present in the stomach at any given time (A i ), which was adopted for estimating food consumption rates. Actual wet weight of food ingested by T. albacares was estimated from the weight of food recovered from the stomach using the linear relationship between the amount of food remaining in the stomach and the assumed time elapsed since feeding (Olson and Boggs (1986) . We assigned the A i values and parameters of linear relationship estimated by Olson and Boggs (1986) to the prey items of yellowfin tuna of eastern Arabian Sea based on their similarity of digestibility. Accordingly, A i values and parameters of linear relationship established by Olson and Boggs (1986) , for Scomber japonicus were assigned to all prey items of the Scombridae family; for Stolephorus purpureus to other epipelagic, mesopelagic and unidentified fish prey; for Loligo opalescens to cepahalopd prey and the mean of all the above experimental food species to crustaceans and the remaining prey. Since yellowfin tuna feed mainly during the daylight hours (Reintjesand King, 1953; King and Ikehara, 1956; Watanabe, 1958 Watanabe, , 1960 , the daily food intake (daily meal) was calculated by multiplying the feeding rate by 12 h, and the daily ration by daily meal divided by average body weight times 100.
The relationship between size of yellowfin tuna and prey size was studied by quantile regression analysis of yellowfin tuna size (L F ) and dominant prey length. Standard length (L S ) for finfish prey, dorsal mantle length (DML) for cephalopod prey and carapace width (CW) for crabs were considered for these analyses. The software packages 'vegan' and 'quantreg' of R was used for cumulative prey curve and quantile regression respectively.
Results
Stomach contents of 406 specimens of yellowfin tuna, having L F ranging from 48.0 to 165.5 cm and weight ranging from 2.3 to 88.0 kg, were analysed in this study (Table 1) . Altogether, 63 (15.52%) specimens had empty stomachs. Weight of the stomach contents ranged from 0 to 1105 g and the repletion index (RI) ranged from Fig. 2 ) reached an asymptote, indicating the sample size of stomachs analysed was sufficient to describe the entire breadth of the diet. Cephalopods were the dominant prey group, followed by teleosts and crustaceans. Purpleback flying squid (Sthenoteuthis oualaniensis) was the dominant prey species contributing maximum to the diet in terms of %IRI, followed by the swimming crab (Charybdis smithii). Cubiceps pauciradiatus, Onychoteuthis banksii and Hirundichthys coromandelensis were the other important prey species. In addition to the above mentioned prey species, a variety of epipelagic and mesopelagic cephalopods and teleosts were also identified among the stomach contents ( Table 2 ). The estimated diet breadth index (Levin's standardised index, Bi) of yellowfin tuna was 0.106, indicating maximum contribution to the diet by a few prey items.
Modified Costello diagram (Fig. 3) revealed that, except S. oualaniensis which appears in the upper right area of the diagram and C. smithii, appearing in the upper left area, most of the other prey species or categories are located in the left corner of the diagram or close to the vertical axis indicating low values for prey importance. It is therefore inferred that S. oualaniensis and C. smithii are the prime prey species of yellowfin tuna in the Arabian Sea. As suggested by the low values of frequency of occurrence, almost all other species are rare or not important prey, being consumed by few specimens.
Among the 406 specimens sampled, 202 were males and 204 were females. Thirty one males (15.35%) and 32 females (15.69%) had empty stomachs. Contribution of cephalopods was important in the diet in females than in males, while males consumed more crustaceans and teleosts. Though there were marginal differences in the RI Feeding activity of yellowfin tuna, as indicated by the number of empty stomachs varied by ontogenetic stage. Percentage of empty stomachs was marked in juveniles (<80 cm) and very large (>140 cm) adults (Table 1) while the specimens in the size class 120-140 cm had minimum proportion of empty stomachs. Average RI also varied among the size groups, maximum recorded being for the size group 80-100 cm and minimum for specimens of >140 cm size group. Major constituents in the diet of the size class <80 cm were macroplankton and micronekton. Groupwise, juveniles and larvae of teleosts were dominant prey, followed by cephalopods and crustaceans, whereas, megalopa larvae of crabs were dominant prey. Teleosts were the dominating prey group in the size class 80 -100 cm and >140 cm, whereas, cephalopods dominated the diets of size classes 100-120 cm and 120-140 cm. Further, S. oualaniensis was the most important prey species of all the above size classes. Kruskal-Wallis test performed on the %IRI of prey revealed no significant variation among the diet of different ontogenetic groups (H=7.02, p=0.13). Dendrogram constructed based on Bray-Curtis similarity indices calculated for different size classes indicated maximum similarity between the diet of the size classes 100-120 and 120-140 cm (Fig. 4a) . The diet of fish of size classes <80 cm and >140 cm clustered separately from those of other size groups (similarity index <0.6). by S. oualaniensis were the main prey item during premonsoon season, whereas during the remaining seasons, C. smithii was the dominant prey species. Interestingly, this study showed an increase in the proportion of C. smithii and a steady decrease in the proportion of S. oualaniensis from premonsoon to winter monsoon season through summer monsoon and inter monsoon. However, telesosts dominated by E. affinis was the main prey group during inter-monsoon season. Bray-Curtis similarity indices (Fig. 4b) and MorisitaHorn indices indicated significant overlap (C mh = 0.69) between summer monsoon and winter monsoon only. Kruskal-Wallis test (H= 33.72, p<0 .001), showed marked variation in the diets of T. albacares during the four seasons.
Length of prey items consumed by yellowfin tuna of Arabian Sea were small fraction of their fork length. The average prey-to-predator length ratio calculated was 7.71% (±4.07) and 32.12% of all prey consumed were less than 5% of the predator length, 73% less than 10% and 95.75% were less than 15% of the yellowfin tuna fork length (Fig. 5) . While the maximum size of the prey species increased with predator length, minimum prey size remained fairly stable (Fig. 6) . Despite extensive variation between specimens, the maximum (95 th quantile), mean (50 th quantile) and minimum size (5 th quantile) of S. oualaniensis consumed by yellowfin tuna of eastern Arabian Sea significantly increased with its size. However, the maximum length of C. smithii (95 th quantile) was observed to decrease with increase in size of yellowfin tuna. Regression analysis of lengths of all prey species except C. smithii indicated that the mean, maximum and minimum size of prey species consumed by yellowfin tuna of Arabian Sea increased with its size. Daily food consumption and daily ration (expressed as percentage of body mass) were estimated according to yellowfin tuna sex and size. The overall daily food consumption and daily ration estimated were 545.65 g and 1.95% body weight (BW) day -1 respectively ( Table 3 ). The study showed that for the male and female yellowfin tuna, the daily consumption is 482.68 g (male), 608.34 g (female) and the daily ration required are 1.63% BW day -1 (male) and 2.29% BW day -1 (female) respectively. The present study showed considerable variations in the daily food consumption and daily ration requirement according to size of yellowfin tuna ( 
Discussion
Our study revealed that the diet of yellowfin tuna of the eastern Arabian Sea is very diverse, comprising a variety of cephalopods, crustaceans and teleosts and that the species feed mainly on S. oualaniensis, C. smithii, C. pauciradiatus, O. banksii and flying fishes. The percentage of empty stomachs in our study (15.52%) was lower than the value reported in many of the earlier works in the region (John, 1995; Maldeniya, 1996) . The average weight of food per stomach for yellowfin tuna observed in the present study (104.69 g) was considerably lower than the value reported by Barut (1988) , while it was higher than the value reported by John (1995) . Our results were comparable to the value reported from Andaman waters (106 g, Vijayakumaran et al.,1992) . The repletion index of yellowfin tuna in our study (3.74 g kg -1 ) was higher than the earlier reported value of 3.5 (John, 1995; Barut, 1998) . These variations in the RI values could be attributed to the difference in mode of capture and method of preservation of stomach contents (Yesaki, 1983) , or to the abundance of prey species in the oceanic waters of the eastern Arabian Sea.
Contribution of cephalopods to the total diet of yellowfin tuna was higher in our study than those reported earlier (Alverson, 1963; Dragovich and Potthoff, 1972; Kornilova, 1980; Silas et al.,1985; Vijayakumaran et al., 1992; John and Sudarsan, 1993; John, 1993, 1994; John, 1995; Govindaraj et al., 2000; Potier et al., 2007; Rohit et al., 2010) . Low value for the diet breadth index (Levin's Standardised index, B i ) for yellowfin tuna in our study (0.106) indicated that, although this species consumed a wide variety of prey items, maximum contribution to the diet was by few prey items including oceanic squids, swimming crabs and teleosts (bigeye cigarfish and flying fishes), which are available in high density in the Arabian Sea (Trotsenko and Pinchukov, 1994; Couwelaar et al., 1997; Chesalin and Zuyev, 2002; Potier et al., 2008; Romanov et al., 2009) , that could restrict yellowfin's feeding to most frequently available prey items in this area. Yellowfin tuna of Arabian Sea may be feeding mainly on these prey species, leading to low value for diet breadth index and hence showing an opportunistic feeding strategy. Similar observations were made for albacore tuna from the central Mediterranean Sea (Consoli et al., 2008) .
In our study, we could not establish any significant variations in the diets of males and females. While the consumption rates varied between sexes in our study, diet composition did not, as evidenced by the high value for Bray-Curtis similarity index. Earlier study by Yesaki (1983) also showed no significant difference in diet between males and females. Graham et al. (2006) reported rapid ontogenetic shift in the diet of juvenile yellowfin (L F -45 and 50 cm) caught by rod and reel fishing from Hawaii. It was revealed in our study that the average weight of food increased with size from 23.10 g (<80 cm size class) to 164.96 g (>140 cm size class). However, as observed by John (1995) , the food consumption per unit body weight was found to be decreasing (except a slight increase in the size class 80-100 cm) with increase in size. Although the ontogenetic difference in constituents of the diet was not statistically significant, it was evident from the Bray-Curtis similarity indices and Morisita-Horn indices (C mh ) that yellowfin tuna juveniles (<80 cm) of Arabian Sea feed mainly on macrozooplankton and fish larvae and adults slowly shift their food preferences to S. oualaniensis and C. smithii while large adults (>140 cm) prefer teleosts.
Results of our study showed that season was the most important factor contributing to variation in diet of yellowfin tuna of the Arabian Sea. Higher food intake recorded during winter monsoon (December-February) and premonsoon (March-may) seasons could be related to the increased intake of food by the fish in order to meet the energy requirements for reproductive processes during the spawning period. The spawning season of yellowfin tuna in the north-west Indian EEZ is reported to be during December-June (Govindaraj et al., 2000) . Our study indicated the availability of a variety of prey species for yellowfin tuna in the Arabian Sea during different seasons. Our results further revealed that yellowfin tuna in the Arabian Sea, having teleosts as common food, enjoy succession in food preference from cephalopods to swimming crabs. Since yellowfin tuna are voracious feeders and are generally non-selective, occurrence of a particular prey species in large quantity in their stomach contents could be due to the availability of such prey species in abundance during a particular season. Swimming crabs occur in great densities in the pelagic waters of the Arabian Sea during July -January (Couwelaar et al., 1997) .
Diet of yellowfin tuna in the eastern Arabian Sea consists of relatively small prey. Relative frequency distribution of prey-predator size ratios revealed that 32.12% of all prey consumed by yellowfin tuna of the area were less than 5% of the predator length. Maximum size of the prey increased with predator length while the minimum prey size remained fairly stable. Menard et al. (2006) also made similar observations on the yellowfin tuna caught from French Polynesia.
Consumption rate and daily ration in yellowfin tuna estimated during the present study were considerably lower than many of the earlier estimations (Yesaki, 1983; Barut, 1988; Menard et al., 2000) , and higher than the estimation of Young et al. (2010) for yellowfin tuna (>100 cm length), while the results were comparable with the estimations of Vijayakumaran et al. (1992) and Maldeniya (1996) . This difference in the estimated values of consumption rates and daily ration could be attributed to the presence of squids as the dominant food in the diet of yellowfin tuna of the Arabian Sea, as squids are easily digested and get evacuated faster.
The results of the present study provide basic information on the food and feeding habits of T. albacares for ecological modeling of oceanic waters and for understanding the relationship between different trophic levels in the eastern Arabian Sea. The study further revealed that there is huge potential for developing fisheries for underexploited resources in the Arabian Sea, in the form of oceanic squids (S. oualaniensis), swimming crabs (C. smithii), bigeye cigarfish (C. pauciradiatus), flying fishes and neritic tunas which form natural prey of large predatory fishes. Longline, being a passive gear, generally capture fishes which are in a state of active feeding and therefore there is a chance of inadequate sampling of satiated tunas in our study. Further, diet of small yellowfin tunas (<40 cm), which are not usually caught by pelagic longlines, could not be studied in the present study.
